Ultrafast supercontinuum generation in gas-filled waveguides is one enabling technology for many intriguing application ranging from attosecond metrology towards biophotonics, with the amount of spectral broadening crucially depending on the pulse dispersion of the propagating mode. Here we show that the structural resonances in gas-filled anti-resonant hollow core optical fiber provide an additional degree of freedom in dispersion engineering, allowing for the generation of more than three octaves of broadband light ranging deep UV wavelength towards the near infrared. Our observation relies on the introduction of a geometric-induced resonance in the spectral vicinity of the pump laser outperforming the gas dispersion, thus yielding a dispersion being independent of core size, which is highly relevant for scaling input powers.
INTRODUCTION
Since the very first observation of supercontinuum generation in bulk crystals or glasses in the 1970s [1, 2] , this phenomenon has been the subject of numerous investigations and represents one of the core physical problems in ultrafast nonlinear optics. Supercontinuum generation in optical fibers was first demonstrated in [3] , but the advent of photonic crystal fibers (PCFs) in 1999-2000 [4] [5] [6] [7] [8] revolutionized the field. PCFs support highly nonlinear interaction under the condition of single-mode guidance in a broad spectral range, having enabled unique light sources of temporally and spatially coherent white light which can in fact be considered as an arbitrary wavelength and bandwidth source of coherent radiation. Clearly, the importance of these sources is apparent in the wide array of applications in spectroscopy, microscopy (including beyond-diffraction-limit methods like Stimulated Emission Depletion Microscopy (STED) [9] ), attosecond metrology [10] , frequency comb technology [11] [12] [13] [14] , telecommunications, biophotonics [15] as well as semiconductor inspection [16] ).
A significant advantage in terms of achievable energy of the spectral supercontinuum and flexibility in the control over the net dispersion characteristics of PCF was achieved with the invention of the hollow-core PCF and especially Kagome fiber [17, 18] . A Kagome fiber is a hollow-core PCF combining the advantages of conventional hollow-core fiber (i.e., capillary [19] ) with low transmission losses in much broader spectral bandwidth than in solid-core PCFs. Using gas as nonlinear medium inside the hollow core, the energy of the generated supercontinuum has been increased by orders of magnitude due to the higher optical breakdown threshold of gases in comparison to solids and the ability to fine tune the dispersion by changing the gas pressure. Also, new regimes of generation at the intensities near the breakdown threshold and involving highly nonlinear process of gas ionization, enhancing the short wavelength spectral region of the supercontinuum, become accessible [20, 21] .
The physics of supercontinuum generation in PCF is very rich and complex and a subject of intensive research up to date. A detailed review on experimental and theoretical results can be found, for instance, in [22] and [23] . The whole complexity of supercontinuum generation by femtosecond laser pulses in PCF can be divided into two distinct cases determined by the sign of the group velocity dispersion (GVD), which correlates with the quadratic term in a Taylor expansion of the modal propagation constant. In the normal dispersion regime (positive sign of GVD) the spectral broadening is governed primarily by self-phase modulation (SPM) and selfsteepening [24] . In the case of anomalous dispersion (negative sign of GVD), supercontinuum generation results from solitonic dynamics, in particular solitonic pulse self-compression, soliton fission and dispersive wave emission [22, 25, 26] .
In this contribution we report on very efficient supercontinuum generation in a new type of hollow-core PCF -the so-called anti-resonant hollow core fibers (ARHCF) -providing an additional degree of freedom in dispersion management and opening up a new regime of solitonic dynamics which we refer as soliton explosion. Pumping such an ARHCF filled with Krypton gas in the spectral vicinity of the fundamental strand resonance (resonance imposed by the glass ring surrounding the core section) with femtosecond pulses, an ultrabroadband (more than three octaves) supercontinuum between the UV and near-infrared (NIR) with more than 10 µJ pulse output energy is generated. Propagation in the fundamental mode is observed for all wavelengths. One key feature of the observed spectral broadening is its sudden onset with a slight increase in input pulse energy above a certain threshold value. Our numerical simulations suggest that the mechanism behind the supercontinuum generation is a novel type of nonadiabatic soliton dynamic, caused by the strong resonance of the submicron glass strand surrounding the hollow core, imposing the group velocity dispersion to change by orders of magnitude several times from anomalous to normal dispersion with multiple zero dispersion wavelengths within a narrow spectral interval.
MATERIALS AND METHODS

Anti-resonant hollow core fibers
The fabrication of the ARHCF used in the experiments relies on stacking six thin-walled capillaries (outer diameter 3.7 mm, wall thickness 0.4 mm) into a jacket tube and drawing this arrangement into cane and fiber. Details of the fabrication procedure can be found elsewhere [27] .
The overall working principle of anti-resonant hollow core fibers relates back to the fact that dielectric interfaces can show reflection values close to unity in case of grazing incidence [28] .
Even higher reflectivity values are obtained for two parallel interfaces (i.e., thin films), as interference effects strongly modify the interface reflection [27] . In case the film thickness is of the order of the exciting wavelength, a resonance can cause light to tunnel through the glass strand. The spectral positions of these resonances are mainly defined by the strand thickness t:
Here the incident medium is air, n the refractive index of glass and m the mode order [29] .
Between two adjacent resonances, very high reflectivity values are obtained, which is employed in anti-resonant reflecting optical waveguides (ARROW), e.g., microfluidics [30] and more recently within hollow core fibers [31, 32] . The supported leaky modes are effectively guided inside a thin ring of glass, whereby the modal attenuation scales with the inverse of the cubed air core radius [28] similar to a capillary [33] but with dramatically reduced losses (a few dB/m for core sizes of about 50 µm instead of tens of dB/m for a hollow-core fiber of the same diameter).
As the group velocity dispersion depends on the second derivative of the propagation constant with respect to frequency, it is possible to massively vary the pulse dispersion properties in the vicinity of a strand resonance compared to a simple capillary or Kagome type fibers ( Fig. 1b and inset of Fig. 1b) . By adjusting strand thickness (see equation. (1)) and core size 
Experiments
The experiments have been carried out using a femtosecond Ti:sapphire laser system, delivering This value remained constant in the whole range of gas pressures and laser energies used in the experiments. The fiber input and output are mounted inside independent gas cells allowing either for a constant gas pressure along the fiber or a pressure gradient. The output emission, attenuated by reflection from a wedge, is focused onto the entrance slits of three different spectrometers: two silicon CCD spectrometers (Ocean Optics USB4000-UV-VIS and USB2000+)
for characterization in the UV and VIS spectral range and an InGaAs CCD spectrometer (Ocean Optics NIRQuest512) for the NIR spectral range. This combination of spectrometers allows spectral characterization between 200 nm and 1.7 µm, whereas the full spectrum is obtained by stitching together the individual spectra within the overlap regions (800 and 1000 nm). Each individual spectrum is corrected for the spectral distribution of the respective spectrometer sensitivity. The output beam profiles at different wavelengths are recorded using a suitable combination of narrowband interference filters and cameras (UV/VIS: Coherent LaserCam-HR;
NIR: InGaAs ABS GmbH, IK-1513) placed at a distance of ≈120 mm from the fiber end.
Numerical simulations
In simulations we solve numerically the Unidirection Propagation Pulse Equation (UPPE) in frequency domain [34] :
Here ℰ( , ) = ℱ ( , ) is the spectral amplitude, ℱ is the Fourier transform operator, ( , ) is the real electric field in the laser pulse, ( , ) is the wavevector determined via the dispersion relation (3) where the pressure dependence of gas index of refraction is described as
, with p 0 being the normal atmospheric pressure n 0 (ω) is refractive index of the gas at atmospheric pressure calculated from Sellmeier equation for Kr [35] , is the velocity of a reference frame chosen for convenience of simulations, and is the third order susceptibility which is assumed to be instantaneous and, hence, frequency independent.
RESULTS AND DISCUSSION
Experimental results
The conceptual scheme of the experiment is shown in Fig.1a . The fiber used in the experiments consists of a central hollow core (diameter: 50 µm, inset of Fig. 1a ) surrounded by a thin silica ring being supported by a series of connecting strands (total fiber outer diameter 125 µm). The small thickness of the strands (average thickness 495 nm) leads to a fundamental resonance (m = 1) at around 1.02 µm (Fig. 1b) , which is on the long wavelength-side of the central wavelength of the used ultrafast laser (0.8 µm). Cut-back measurements reveal a series of transmission bands with losses between 5 and 10 dB/m across the UV, VIS and NIR spectral domains.
Insufficient spectral density of the used light source (halogen lamp) prevents us from quantifying the loss below 350 nm, whereas the raw data indicates two more transmission bands with a minimum transmission wavelength of 220 nm. It is important to note that the used fiber reveals a variation of the strand thickness of about 10% resulting from various fabrication issues, which leads to a broad bandgap (Fig. 1c) instead of a narrow band resonance (Fig. 1b) . The dependence of spectral broadening of 80 fs laser pulses at 0.8 μm wavelength on input pulse energy in the case of the ARHCF homogenously filled by Krypton at 6 bar is shown in Fig. 2b-f . Clearly visible is a sudden onset of the spectral broadening at around 10 µJ input energy, corresponding to 6.5 µJ output energy (Fig. 2d ) which evolves into a multi-octave spanning supercontinuum extending from about 200 nm to 1.4 µm at the output pulse energy of 12.1 µJ. It is remarkable that a few-hundred nanometer spectral broadening is observed with only 25% of increase in the input energy (Fig. 2d-e) . At 10 µJ of the input energy, broadening from 200 nm to 900 nm is observed, whereas the signal in the NIR is below the noise limit of the near-infrared spectrometer. Another 20% increase in the input energy triggers dramatic spectral broadening towards the IR spectral range (Fig. 2c-d) . A further increase in the input pulse energy leads mainly to increase in the supercontinuum spectral intensity and bandwidth. With a constant pressure in the fiber, the maximum achieved output energy in the 3-octave supercontinuum is 12.1 µJ with ≈19 µJ input energy. Higher input energies lead to significant ionization of the gas at the fiber input and damaging of the fiber structure. At the maximum input energy used in the experiments with the constant gas pressure, measurements of the farfield beam profiles confirm fundamental mode propagation at all wavelengths of the supercontinuum (Fig. 2n-p) .
To overcome gas ionization at the fiber input and increase the energy of the supercontinuum further, a differential gas pumping setup was used, keeping the input side of the fiber under vacuum (10s of mbar) and maintaining high gas pressure (up to 6 bar) at the output end. This gradient gas pressure allows avoiding of dense gas plasma at the fiber input, overall enabling higher energies to be coupled in. Additionally, tight focusing of the input beam allows avoiding direct damaging of the fiber input by the focused laser beam and enabling the long term operation with no degradation in the output beam quality. This configuration yields similar spectral broadening at the short wavelength side of the spectrum for roughly double the coupled energy, but with an extended spectral broadening towards the NIR with the largest wavelength being 1.7 µm at the output pulse energy of 23 µJ (Fig. 2a) . It is worth mentioning that the high modal loss associated with the strand resonances (Fig. 1b) is effectively suppressed for the highest input energies (yellow bars in Figs. 2a,b) , indicating that the nonlinear process of frequency conversion is able to efficiently fill up the high-loss spectral regions [36] . At maximum spectral broadening we estimate nearly 75% energy in the IR (>700 nm), ~24% in the VIS (400-700 nm) and ~1% in the UV (< 400 nm). 
Numerical Analysis
To reveal the physical origin of the observed broadening we performed nonlinear pulse propagation simulation using the UPPE [34] , assuming that the light of the pump and at all generated wavelength is in a single mode along the entire fiber length. To calculate the modes (g) (h)
and the modal effective index of refraction, we also performed finite elements simulations for the ARHCF structure used in the experiments [32] . Far away from the strand resonance the modal dispersion of the fundamental mode can be well fitted by the dispersion relation of a gasfilled HCF [33] , which was used for simulating the nonlinear pulse propagation in Kagome fibers [21] :
with the angular frequency ω, the gas pressure p, the pressure dependent refractive index of the gas n g (at constant temperature), the first root of the zero-order Bessel function u 11 ≈2.405, the core diameter d and the vacuum speed of light c.
To simulate the influence of the strand resonance on supercontinuum generation process, we modified the dispersion relation (2) as:
where the coefficients a and b are calculated from fitting the effective mode index in the vicinity of the resonance by the Lorentz-derivative function. The resulting spectral distributions of the GVD for a Kagome-fiber (orange curve) and for our ARHCF (purple curve) are shown in Fig. 1b .
The simulations are carried out assuming 80 fs, 12 µJ laser pulses at 0.8 µm wavelength
propagating in the 25 cm long, 50 µm diameter ARCHF filled by Kr under 6 bar constant pressure, similar to experimental conditions. For simplicity we have neglected the propagation losses. The strand fundamental resonance wavelength is chosen to be located at 1 µm corresponding to the middle of the measured NIR resonance band (Fig. 1c) .
Discussion
The direct comparison of the simulations of the nonlinear pulse propagation in the Kryptonfilled ARHCF with a Kagome-fiber of equal core diameter clearly shows the profound influence of the strand resonance on the bandwidth of the generated light. In the Kagome case, monotonous spectral broadening driven by SPM and self-steepening is observed, yielding a maximum bandwidth of approx. 900 nm for a 20 cm long fiber (Fig. 3b) .
In contrast, the ARHCF shows a three-octave spanning broadening extending from 200 nm to more than 2 µm (Fig. 3a) with a sudden dramatic increase in the broadening rate.
SPM initially drives the spectral broadening in the same way as in Fig. 3b , until the red part of the generated spectrum reaches the strand resonance after approximately 6 cm of propagation.
At this point, explosion-like dynamics of spectral broadening is observed. Within 1 cm of further propagation length the spectrum expands down to 300 nm on the short and above 1.5 µm on the long wavelength side of the spectrum. Our qualitative explanation of this phenomenon is as follows: according to Fig. 1b , the GVD increases by orders of magnitude in the vicinity of the resonance, which leads to two crucial consequences. First, the increasing GVD leads to boost in solitonic dynamics and shortening of the propagation distance at which solitonic selfcompression and subsequent fission will occur, since the rate of soliton fission as well as the total amount of solitons are proportional to ~1 | | ⁄ (L D : dispersion length; = ⁄ : GVD) [22] . Second, an abruptly growing GVD implies large values of higher-order dispersion terms which cause self-consistent large frequency shift of forming solitons and massive dispersive wave emission. The efficiency of dispersive wave emission is additionally increased by the presence of several spectral regions with opposite sign of GVD and multiple zero-GVD wavelengths provided by the strand resonance (Fig. 3a) . This enables generation of dispersive waves towards both short-and long-wavelengths [see 22 and references within].
Therefore we propose that the observed sudden increase in spectral broadening in ARHCF is the result of strongly non-adiabatic spectral dynamics of solitons in the vicinity of a resonance accompanied by massive dispersive wave emission towards both the red and the blue sides of the spectrum. This assumption is qualitatively confirmed by the pulse dynamics in time domain presented in Fig. S2 in the supplementary material.
The numerical simulations qualitatively reproduce the experimental observations. Albeit in simulations we show the development of spectrum as a function of propagation distance, whereas in experiment the dependence on input pulse energy is presented, these two dependences are roughly equivalent: one can fix the input pulse energy and measure the spectrum for different fiber length (which is technically more challenging), or fix the fiber length and change the pulse intensity. Our numerical simulations confirm qualitative equivalence of spectral dynamics in both cases (not shown here), whereby the underlying physics is more evident in plots of Fig. 3 .
CONCLUSION AND OUTLOOK
In this contribution we introduce the concept of modal dispersion engineering in noble gas filled anti-resonant hollow core fibers via structural strand resonances, offering a new degree of freedom to design sophisticated dispersion landscapes, allowing here to generate multiple octave spanning supercontinua from deep UV wavelengths towards the near infrared with high spectral density. By launching femtosecond pulses into a Krypton filled fiber with submicron silica strands of predefined thickness adjacent to the gas-filled core, we observe three-octavespanning output spectra at pulse energies of 23 µJ, originating from multiple soliton fission and dispersive wave generation processes, which we refer as soliton explosion. The key to the observed broadening is the strongly varying group velocity dispersion in the spectral vicinity around the strand resonance, which outperforms the dispersion of the gas and allows to access new physics. The abruptly changing dispersion leads to a dramatic speedup in solitonic dynamics and enables a broad spectrum via multiple emitted dispersive waves. The experiments show a maximal broadening from UV wavelength (200 nm) to about 1.7 µm using differential gas pumping with fundamental-mode-type output mode at all generated wavelengths.
Qualitative agreement between experiments and nonlinear pulse propagation simulations has been achieved, showing almost similar spectral behavior particular at short wavelengths. One striking feature of the generated spectra is the filling up of the high-attenuation domains of the anti-resonant fiber, diminishing the effect of strand-inducted loss and leading to overall smooth spectra.
Future research will focus on a deeper understanding of the soliton explosion effect using strand resonance coupling, with the final aim to reach either deep-UV or mid-IR wavelength, whereas the latter was already indicated by our simulation. Due to its unique spectral broadness, we expect our concept to be highly relevant in application-driven areas such as spectroscopy, microscopy, metrology and biophotonics. 
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